INTRODUCTION
Genetic tools have often been employed to delineate management units and establish conservation priorities in marine organisms; however, the use of genetic data to inform management in the marine environment presents unique and important challenges (Hellberg et al., 2002) . Barriers to dispersal are rarely absolute in the sea and marine populations may have very large effective population sizes (N e ), and hence even small migration rates can homogenize genetic variance. Populations, which are demographically independent, can therefore appear panmictic. Genetic differentiation at neutral regions of the genome is often low in marine species, but low genetic drift also means that potentially adaptive mutations are less likely to be stochastically lost (Allendorf et al., 2010; Lamichhaney et al., 2012; Savolainen et al., 2013) . Alleles under selection, whose frequencies diverge as a function of the migration rate (m) and the selection coefficient (s) but independently of N e , can evolve at a much faster rate in marine populations (Allendorf et al., 2010; Lamichhaney et al., 2012; Kelley et al., 2016) . Recent work on model organisms such as the three-spined stickleback (Gasterosteus aculatus) (DeFaveri et al., 2013; Guo et al., 2015) , and commercially fished species such as herring (Lamichhaney et al., 2012) and cod (Bradbury et al., 2013) suggests that genomic divergence of marine populations is often heterogeneous; differentiation is low across most of the genome with the exception of genomic islands of divergence driven by local selection.
For decades, population genetic studies of non-model organisms were limited to relatively low numbers of neutral markers, yielding low statistical power and difficulty in detecting the low levels of genetic drift expected for many marine populations. The recent advent of reduced representation sequencing techniques, such as RADSeq (restriction site associated DNA sequencing; Baird et al., 2008) , ddRADseq (double digest restriction associated DNA sequencing; Peterson et al., 2012) and DArTSeq (Sansaloni et al., 2011) , allows thousands of loci to be genotyped de novo in non-model organisms. Using large panels of markers greatly increases the statistical power to detect small genetic differences, even with limited numbers of individuals (Willing et al., 2012) , and allows the identification of genomic regions of exceptionally high differentiation that may be indicative of local adaptation (Jensen et al., 2016) . As a result, marine species previously thought to be panmictic over large geographic areas are starting to reveal complex patterns of cryptic genetic structure (Lamichhaney et al., 2012; Bradbury et al., 2013) . These cryptic patterns of differentiation are crucial to the development of effective conservation strategies, as even low levels of neutral genetic structure may reflect demographic independence in marine populations (Ovenden, 2013) and locally adapted populations may warrant higher conservation priorities (Allendorf et al., 2010) .
Interestingly, population genetic studies on sharks, arguably some of the ocean's most ecologically important predators, have thus far been almost entirely limited to small sets of neutral genetic markers-for a notable exception, see Portnoy et al. (2015) . Like other marine fishes, sharks often have large historical N e , even though recent declines may be starting to erode genetic diversity in some species (Castro et al., 2007; Portnoy et al., 2009; Nance et al., 2011; Blower et al., 2012) . A larger N e provides a higher chance of mutations arising and, in concert with lower genetic drift, higher levels of standing genetic variation will be maintained, the raw material upon which selection acts (Allendorf et al., 2010; Savolainen et al., 2013) . Furthermore, sharks often have wide distribution ranges and as a result may occupy habitats that differ markedly in biotic and abiotic factors. Accordingly, they may be under different selective pressures across their distribution. Knowledge of where localized adaptation has occurred will assist with conserving evolutionary potential, an increasingly important objective for conservation management (Allendorf et al., 2010) .
Characterizing genetic structure and connectivity in sharks has revealed complex patterns, likely representing high interindividual variation in dispersal distances that can be further complicated by sex bias (Pardini et al., 2001; Mourier and Planes, 2013) . Sex-biased dispersal in sharks could also favor local adaptation. In a recent study on bonnethead sharks (Sphyrna tiburo), Portnoy et al. (2015) found evidence of sex-biased dispersal and local selection and suggested that the dispersing sex can facilitate the movement of potentially adaptive alleles, whereas the philopatric sex could favor local allele sorting. For species with high habitat specificity, genetic connectivity is expected to be limited by expanses of unsuitable habitat-for a perspective on this topic, see Momigliano et al. (2015b) .
Within coral reef ecosystems, reef sharks make up the majority of large predator biomass (Sandin et al., 2008; Friedlander et al., 2014; Mourier et al., 2016) . The recent declines in reef shark numbers, recorded in multiple ecosystems across the globe (Robbins, 2006; Graham et al., 2010; Ward-Paige et al., 2010) , is therefore of concern. Knowledge of biological and environmental factors shaping patterns of genetic structure in coral reef sharks is fundamental to evaluate the risks of anthropogenic change, and for the development of efficient management strategies (Dudgeon et al., 2012) . The grey reef shark (Carcharhinus amblyrhynchos) is among the most abundant reef sharks in the Indo-Pacific, contributing up to 50% to the biomass of higher order predators on coral reefs (Friedlander et al., 2014) . Grey reef sharks possess features that are likely to yield complex patterns of genetic structure. They have a large geographic distribution spanning most of the tropical Indo-Pacific (Last and Stevens, 2009) , suggesting the potential for wide-range dispersal, yet they are strongly associated with coral reef habitats (Espinoza et al., 2014) . Grey reef sharks may undertake movements of 4100 km crossing deep oceanic waters (Heupel et al., 2010; Momigliano et al., 2015a) , but also show reef fidelity for extended periods of time (Espinoza et al., 2015b; Mourier et al., 2016) .
Movements of grey reef sharks are influenced by the spatial distribution of coral reefs. They show low levels of reef fidelity in systems where neighboring reefs are close (Heupel et al., 2010) , suggesting that coral reefs separated by only a few km may be perceived as continuous habitat (Momigliano et al., 2015b) . As the distance between neighboring reefs increases, grey reef sharks show higher residency (Espinoza et al., 2015a) , and inhabitants of isolated oceanic reefs rarely venture far (Barnett et al., 2012) . Espinoza et al. (2015a) observed that adult males have larger home ranges than females and juveniles, and speculated that male-mediated dispersal may confer an evolutionary advantage by extending genetic and demographic connectivity beyond individual reefs. Nonetheless, the extent to which these movement patterns, observed at reef systems of varying degrees of isolation, reflect patterns of dispersal and gene flow remains largely unknown. The wide distribution of grey reef sharks also means that these animals inhabit coral reef habitats that greatly differ in terms of geomorphology, environmental factors (such as temperature) and biodiversity, suggesting that across their distribution they may experience spatially diversifying selection.
A recent population genetics study carried out in the Australian Great Barrier Reef (GBR), where most reefs are located within a distance of o2 km from their closest neighbor (Almany et al., 2009) , revealed no large-scale genetic structure at microsatellite loci across a latitudinal gradient of nearly 1200 km (Momigliano et al., 2015a) . The authors found no genetic differentiation between different regions of the GBR using microsatellite and mitochondrial DNA (mtDNA) markers, and no evidence of genotypic spatial autocorrelation at the reef scale, suggesting regular migration between neighboring reefs. However, it remains unclear whether grey reef sharks can maintain genetic connectivity across large oceanic distances. Furthermore, the extent to which patterns of gene flow are reflected by patterns of adaptive variation remains unknown.
In this study we investigate the genetic structure of grey reef sharks at multiple spatial scales across a substantial portion of the species' range using a combination of genome-wide single-nucleotide polymorphisms (SNPs) and mtDNA data. Based on recent findings from telemetry and population genetics studies, we expect gene flow in grey reef sharks to be hindered by large expanses of oceanic waters. In the absence of large oceanic barriers, we predict that grey reef sharks will be able to maintain genetic connectivity via male dispersal through coral reef 'stepping stones'. We also investigate whether the level of fragmentation of coral reef systems is associated with genotypic spatial autocorrelation. Finally, we scan for genomic signatures of local selection to identify locations that might contribute to the species' evolutionary potential. 
MATERIALS AND METHODS Sampling

mtDNA sequencing and analyses
We extracted DNA from a total of 180 samples ( Figure 1 ) and amplified 813 bp of the NADH dehydrogenase subunit 4 (ND4) gene as per Momigliano et al. (2015a) , using the primer set ND4 (Arèvalo et al., 1994) and HI12293-Leu (Inoue et al., 2003) . DNA fragments were sequenced with the forward primer using a commercial service (Macrogen Inc., Seoul, Korea) and aligned by eye in BioEdit v. 7.1 (Hall, 1999) . The sequences obtained in this study were analyzed together with the ND4 sequences from the North GBR (N = 32), South GBR (N = 27) and the Coral Sea (N = 8) recently published by Momigliano et al. (2015a) . The final analyses included a total of 247 ND4 sequences. Diversity Genetic structure and signatures of selection in reef sharks P Momigliano et al indices (number of haplotypes N H and haplotype diversity h) for mtDNA sequences were calculated in the software DnaSP (Librado and Rozas, 2009 ). Measures of pairwise genetic differentiation (Φ ST , an analog of F ST for DNA sequence data) were estimated in the software Arlequin v. 3.51 (Excoffier and Lischer, 2010) . A minimum spanning network of ND4 haplotypes was constructed in the software Popart v. 1.7 (Leigh and Bryant, 2015) , using the same parsimony inference method implemented in the software TCS (Clement et al., 2000) . Furthermore, we tested for past population expansions using Tajima's D (Tajima, 1989 ) and Fu's Fs (Fu, 1997) tests in Arlequin v. 3.51.
To test for sex-biased dispersal, we estimated pairwise Φ ST for females and males separately. Although mtDNA is transmitted only maternally, there is a solid rationale for which mtDNA estimates of genetic differentiation in different sexes can be used to test for sex-biased dispersal. Males cannot transmit mtDNA, and hence the haplotype from an immigrant male can only be sampled while it is alive, whereas females have a far greater potential to homogenize mtDNA via migration and successful local reproduction (Lukoschek et al., 2008) . As O' Corry-Crowe et al. (1997) and Lukoschek et al. (2008) noted, higher genetic differentiation at mtDNA markers in females is therefore evidence of male-biased dispersal and/or female reproductive philopatry. We did not have sex information for all our samples, and in most locations we did not have enough samples from each sex to accurately estimate Φ ST . We therefore compared three locations for which we had at least 10 males and 10 females: the Rowley Shoals (10 males and 14 females), the North GBR (11 males and 18 females) and the South GBR (10 males and 15 females). Hence, the results regarding sex-biased dispersal should be interpreted with some caution.
SNP discovery and filtering SNP discovery and genotyping was performed at Diversity Arrays Technology Pty. Ltd (Canberra, Australia), using the standard DArTSeq protocol. DArTSeq genotyping is a SNP genotyping-by-sequencing approach that combines Diversity Arrays (DArT) markers (Jaccoud et al., 2001 ) and next-generation sequencing on Illumina platforms (Sansaloni et al., 2011) to genotype thousands of SNPs homogenously spaced across the genome. The original DArT method is described in Jaccoud et al. (2001) and its combination with next-generation sequencing for SNPs genotyping is described by Sansaloni et al. 
Detection of loci putatively under selection
We utilized outlier tests to identify loci for which genetic differentiation (F ST ) is higher than expected by genetic drift alone. As outlier tests only perform well when neutral genetic differentiation is low (Whitlock and Lotterhos, 2015) , we only included in these analyses individuals from Australian and Indonesian sampling locations that, as previous analyses revealed, show little genetic differentiation at nuclear loci (see Results). There are various methods that can be used to identify loci under selection, and each has different drawbacks, including limited sensitivities (high rate of type 2 errors) and susceptibility to false discoveries (type 1 errors) (Lotterhos and Whitlock, 2014) . Methods that are commonly used include the Bayesian approach implemented in BAYES-CAN (Foll and Gaggiotti, 2008) , the hierarchical model, coalescent simulation approach implemented in Arlequin (Excoffier et al., 2009) as well as Bonhomme et al. (2010) extensions of the Lewontin-Krakauer test that accounts for population co-ancestry (FLK). Each of these methods performs well under certain conditions, but both Arlequin and BAYESCAN can identify a large number of false positives when populations are spatially auto-correlated (Lotterhos and Whitlock, 2014) . The FLK approach is much less susceptible to false positives under scenarios of evolutionary non-independence among populations (Lotterhos and Whitlock, 2014) . A new method named Out-FLANK, which estimates a null distribution of F ST for loci unlikely to be under strong positive selection based on the core distribution of a large set of loci, has also proved to be very robust under a number of demographic history scenarios including isolation by distance (IBD), although it is only suited for the identification of loci under strong spatially diversifying selection (Whitlock and Lotterhos, 2015) . In this study we combined all the methods outlined above to identify loci putatively under selection. For the purpose of this study, loci were considered to be outliers if identified jointly by at least three outlier tests as putatively under selection. Furthermore, we tested whether divergence at neutral loci and loci putatively under selection were correlated, and could therefore be the result of the same processes. The outlier tests are described in detail in the Supplementary Materials. Figure 1 Map showing the sampling locations. In brackets are the numbers of individuals used for the mtDNA analyses and the SNP analyses, respectively. Numbers in italics represent samples from which data were retrieved from Momigliano et al. (2015a) . Numbers in bold represent samples for which genetic data were generated in this study.
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Analysis of genetic diversity and structure
Analyses of neutral genetic variation were performed using a data set of 4798 loci identified by OutFlANK as representing the core distribution of F ST (that is, trimming the upper and lower 5%), and hence unlikely to be affected by strong balancing and diversifying selection (Whitlock and Lotterhos, 2015) . All the analyses were also performed on the entire SNP data set (results not reported) that yielded nearly identical results. Analyses of outlier loci were carried out on a set of 8 loci that were identified as putatively under natural selection by at least three outlier tests. We calculated the following diversity indices across loci for each sampling location using the software GenAlEX v. 6.5 (Peakall and Smouse, 2012) : expected heterozygosity (H E ), observed heterozygosity (H O ) and the fixation index F = 1 − (H O /H E ), along with their standard errors. Pairwise Weir and Cockerham F ST and their 95% confidence intervals were estimated in the R package diveRsity (Keenan et al., 2013) using 100 pseudo-replicate data sets created by bootstrapping individuals within each location. Using confidence intervals determined by bootstrapping individuals was deemed a good strategy to determine the significance of F ST estimates given that two of our locations had very low sample sizes (Cocos (Keeling) Islands, N = 6, and Coral Sea, N = 8).
We investigated genetic structure at neutral loci using the software fastSTRUCTURE (Raj et al., 2014) . fastSTRUCTURE implements a fast algorithm for approximate inference of the simple admixture model from STRUCTURE (Pritchard et al., 2000) , and given its computational speed it is particularly well suited for large genomic data sets. First, we ran the algorithm with the simple prior, as suggested by the authors of the program, at multiple numbers of K (1-10). We determined the likely range of K using the function chooseK.py, which reports the model components that have a cumulative ancestry contribution of at least 99% (K ø c), and the value of K for which the log-marginal likelihood lower bound (LLBO) of the data (Raj et al., 2014) is maximized (K*ε). To further investigate K we then ran the fastSTRUCTURE algorithm for K values of 1-6 with both the simple prior and the logistic prior (the latter being more effective in detecting subtle population structure), using fivefold cross-validation. Theoretically, the most likely model is the one that minimizes prediction error. For K values greater than optimal prediction error may still decrease, although it will usually remain within one standard error of estimates of prediction error (Raj et al., 2014) . Therefore, the value of K after which estimates of prediction error remain within one standard error is usually considered the most parsimonious model (Raj et al., 2014) .
We further investigated patterns of genetic structure at neutral loci by carrying out Discriminant Analysis of Principal Components (DAPC) using sampling location as the grouping factor (Jombart et al., 2010) . The analysis was carried out on the whole data set as well as only including the data from Australia and Indonesia. First, we carried out a principal component analysis, and used the principal components (PCs) thus produced as synthetic variables for a discriminant analysis, as outlined in Jombart et al. (2010) . This first step is necessary as two of the main assumptions of discriminant analysis are that variables are uncorrelated, and that the number of variables is less than the number of observations. Allele frequencies are inevitably correlated, and in large SNPs data sets the number of variables (that is, number of alleles) can be much greater than the number of sampled individuals. Using PCs obtained from the principal component analysis reduces the number of dimensions and creates a set of orthogonal variables that explain exactly the same variation as the original variables. The number of PCs to be retained in the DAPC analyses was determined using cross-validation to avoid overfitting: 80% of the data were used as a training set and we retained the number of PCs for which the obtained mean square error was lowest (number of PCs = 40 for both analyses).
Isolation by distance
We investigated the relationship between genetic distance at both neutral SNP loci (F ST ) and mtDNA (Φ ST ) and geographic distance using Mantel tests (using 30 000 randomizations) and major axis regression. As genetic differentiation across large oceanic expanses did not show a linear relationship with geographic distance, we only investigated IBD across locations in Australia and Indonesia (that is, we excluded samples from the Cocos (Keeling) Islands and Chagos archipelago). First, geographic distance between locations was estimated as the least-cost path across the sea. We then plotted geographic distance vs genetic distance to ensure the relationship was linear. The significance of the correlation between genetic distance and geographic distance was tested using the Mantel test, thereby taking into account that sampling locations, rather than pairs of sampling locations, are the units of replication. A linear model was then fitted to the data using major axis regression, a more appropriate method than an ordinary linear regression when both variables (genetic and geographic distance) are sampled with error.
Fine-scale spatial genetic structure Genetic structuring of haplotype and allele frequencies is a function of the migration rate (m) and the effective population (N e ) (Kalinowski, 2002) . Therefore, in large populations a small migration rate can effectively slow down or prevent any detectable level of genetic drift. This means that estimates of genetic differentiation based on allele and haplotype frequencies are often a poor proxy of ecological connectivity at fine spatial and temporal scales. In contrast, estimates of genotypic spatial autocorrelation provide a powerful tool to investigate fine-scale spatial structure. Patterns of spatial autocorrelation can appear even in face of migration rates exceeding 10% and are expected to reach quasi-stationarity in as little as 50 generations (Epperson, 2005; Momigliano et al., 2015a) .
We tested for genotypic spatial autocorrelation across four distance classes (within reef, within 500 km, within 1000 km and within 1500 km) in two geographic regions where we sampled multiple reefs: eastern Australia and western Australia. The spatial structure of these reef systems is broadly different. Eastern Australian coral reefs are relatively close with an average distance between neighboring reefs of o2 km (Almany et al., 2009) , whereas coral reefs in western Australia are often separated by distances of 100s of km. We estimated pairwise genetic distances between individuals using the codomgenotypic measure of genetic distance implemented in GenAlEX v. 6.5 (Peakall and Smouse, 2012) . The spatial autocorrelation coefficient (r) and its confidence intervals were calculated using 999 bootstraps in the software GenAlEX v. 6.5 (Peakall and Smouse, 2012) along with the 95% confidence intervals of the null model of no spatial autocorrelation.
RESULTS
mtDNA analyses
The final alignment included 247 individuals for which an 813 bp fragment of ND4 was obtained with no missing data. There were a total of 26 polymorphic sites within the alignment, of which 19 were parsimony informative. Twenty-six distinct haplotypes were present (Figure 2) , and haplotype diversity across all locations was high (h = 0.78). Number of haplotypes and h within each sampling location ranged between 2 and 7 and 0.28 and 0.80, respectively (Table 1) . Genetic structure and signatures of selection in reef sharks P Momigliano et al
Haplotype diversity was lower in western Australia and the Cocos (Keeling) Islands compared with the rest of the locations. The haplotype network revealed that no haplotypes were shared between the samples from the Chagos Archipelago and any of the other locations. All but one individual from the Cocos (Keeling) Islands shared the same private haplotype (Figure 2 ). The haplotype network revealed two main groups of haplotypes, one including most haplotypes from western Australia and the other including most haplotypes from eastern Australia (Figure 2 ). Samples from Indonesia included haplotypes from both main haplotype groups.
Pairwise Φ ST between locations within the same region (eastern and western Australia) were not significant, with the exception of Scott Reef that showed significant pairwise Φ ST with other locations in western Australia (Φ ST 0.105-0.160, Supplementary Table S1 and Figure 2 ). All pairwise Φ ST between locations in different regions were highly significant and very high (Φ ST range: 0.197-0.83), with the exception of the comparison between Scott Reef and Misool. Strong genetic differentiation was observed not only across large oceanic expanses but also between regions along the continental shelves of Australia and Indonesia. Pairwise Φ ST estimated separately for males and females showed no differentiation between North GBR and South GBR. Pairwise Φ ST estimates between Rowley Shoals and North GBR, and Rowley Shoals and South GBR were significant for both sexes, yet the level of differentiation was higher for females (0.65 and 0.67, respectively) than for males (0.49 and 0.50, respectively).
There was no evidence of recent demographic expansion as Tajima's D and Fu's Fs tests of neutrality were nonsignificant after Bonferroni's corrections (Supplementary Table S2 ). Rowley Shoals (D − 1.91294, P = 0.04700 and Fs = − 1.71855, P = 0.029) and Ningaloo Reef (Fs = − 3.19859, P = 0.006) did, however, show some moderate evidence of past population expansion, although not significant after adjusting for multiple comparisons (Supplementary Table S2 ).
Identification of loci putatively under selection As expected, the two tests that did not explicitly account for evolutionary nonindependence among sampling locations identified the largest number of outliers: Arlequin identified 25 outliers and BAYESCAN 28 (Figure 3a ). Yet, given the evidence of spatial autocorrelation in this species (see Results below), it seems likely that at least some of these loci may represent false positives (Lotterhos and Whitlock, 2014) . The FLK approach, which takes into account evolutionary nonindependence, and has been reported as having very low false positive rates under IBD scenarios identified 17 outlier loci, 8 of which were also identified by both BAYESCAN and Arlequin (Figure 3b) . OutFLANK was the most conservative of all approaches, reporting only three outlier loci, all of which, however, were also identified by the other three methods (Figures 3c and d) .
Genetic distance at the eight outlier loci identified by at least three outlier tests, and at the three outlier loci identified by all tests, were highest when comparing any pair of locations spanning the Torres Strait (that is, eastern Australia locations vs all other locations; Figures 3e and f, respectively) . When all pairwise comparisons were considered there was no significant correlation between genetic distance estimated from neutral loci and from loci under selection (Figures 3e and f) , indicating that divergence at putatively neutral and outlier loci is the result of different processes. However, when eastern Australian locations were excluded, genetic differentiation at neutral and outlier loci exhibited a clear, linear and significant correlation (open circles in Figure 3e : P = 6 × 10 − 8 , R 2 = 0.83; and Figure 3f : P = 9 × 10 − 9 , R 2 = 0.87).
SNP-based analysis of diversity and structure
The final neutral SNP data set included 4798 polymorphic, biallelic SNPs genotypes for 170 individuals. None of the loci deviated from Hardy-Weinberg equilibrium across three or more locations. Observed and expected heterozygosity ranged between 0.139 and 0.294 and between 0.131 and 0.291, respectively (Table 1) . Fixation indices revealed no significant heterozygosity deficiency, but a significant heterozygosity excess was evident in the Cocos (Keeling) Islands, and to a lesser extent in the Chagos Archipelago and Coral Sea. However, both Cocos (Keeling) Islands and the Coral Sea had very low sample sizes, and therefore the reported heterozygosity excess could also be due to sampling bias.
Pairwise F ST were low (0.0015-0.0187) and mostly not significant when comparing locations along Australia's and Indonesia's continental shelves (with the exception of some comparisons between eastern and western Australian locations; see Supplementary Table S1 and Figure 4 ). Between these locations, pairwise F ST were on average two orders of magnitude lower than pairwise Φ ST . Genetic distances across large oceanic expanses however were much higher (0.0688-0.5148), and F ST between samples from the Chagos Archipelago and all other locations were similar to estimates of Φ ST obtained from the mtDNA data (Figure 4 and Supplementary Table S2) .
The difference between Φ ST and F ST was largely dependent upon the scale considered. The largest difference was for pairwise comparisons between locations far apart but located within Australia's and Indonesia's continental shelves, whereas Φ ST and F ST difference were Genetic structure and signatures of selection in reef sharks P Momigliano et al within the same order of magnitude when comparing either locations close by or locations separated by large oceanic expanses (Figure 4) . The function chooseK.py reported a K*ε of 2 and a K ø c of 4, suggesting a range of K of 2-4 as useful description of the data. Fivefold cross-validation using both the logistic and simple prior showed the lowest prediction error at K = 3, but prediction error fell within 1 standard error of the estimate at K = 2 (Supplementary Figure S1a) . For the simple prior analysis, LLBO reaches a maximum at K = 2 and decreases with increasing model complexity (Supplementary Figure S1b) . In the logistic prior analyses, LLBO changes abruptly from K = 1 to K = 2, and then continues to slightly increase with increasing model complexity.
We report the results from the logistic prior analyses using both K = 2 and K = 3 (Figures 5a and b, respectively) . The K = 2 analyses identified two distinct genetic clusters (Figure 5a ), representing the Chagos Archipelago and all locations in Australia and Indonesia.
Individuals from the Cocos (Keeling) Islands showed some degree of admixture, sharing ancestry with both genetic clusters. If model complexity was increased (K = 3), another genetic cluster representing all locations east of the Torres Strait emerged.
Results from DAPC analyses revealed very similar patterns (Figure 5c ). DAPC performed on data from all locations revealed the greatest differentiation in locations separated by large oceanic distances (Figure 5d ). The first discriminant function clearly showed greater differentiation between samples from the Chagos Archipelagos and the Cocos (Keeling) Islands and all other locations, whereas locations in different regions of Australia and Indonesia separate along the second discriminant function (Figure 5c ). The result of the DAPC performed on samples from Australia and Indonesia further revealed subtler patterns of genetic differentiation (Figure 5d ), in particular differentiation between the western Australian locations and Indonesia. Relationship between 'neutral' F ST (estimated from the core distribution of F ST ) and average F ST of the eight outliers that were identified by at least three outlier tests (e) and the three outliers identified by the OutFLANK approach (f). There was no significant correlation between 'neutral' F ST and F ST estimated from outlier loci when all locations were included (e, f). When all locations from eastern Australia (filled black circles) are excluded from the analyses, there is a positive linear relationship between neutral F ST and F ST estimated from outlier loci ((e): P = 6 × 10 − 8 , R 2 = 0.83; (f) P = 9 × 10 − 9 , R 2 = 0.87).
Each sampling location appeared to be most similar to the two geographically closest locations. Furthermore, the densities along the first discriminant function closely matched the longitudinal distribution of the sampling locations (west to east), whereas densities on the second discriminant function were clearly correlated with latitude. If the order of the second discriminant function were reversed, the plot would closely match the geographic distribution of the sampling locations, a pattern that suggests a stepping stone model of dispersal (Jombart et al., 2010) .
Isolation by distance
There was a clear, linear and significant relationship between geographic distance and genetic distance as measured by both F ST and Φ ST (Figure 6 ). Geographic distance explained 92% and 79% of the variation in genetic distance at nuclear loci and mtDNA, respectively. Although genetic differentiation along continental shelves follows an IBD model, this linear relationship breaks down when samples from the Chagos Archipelago and the Cocos (Keeling) Islands are included (data not shown). Both nuclear and mtDNA distances follow an IBD model, but the slope of the fitted linear model is nearly two orders of magnitude higher for mtDNA.
Fine-scale spatial genetic structure Spatial autocorrelation analyses performed separately for samples collected in eastern Australia and western Australia revealed a sharply contrasting pattern. In eastern Australia there was a trend of decreasing spatial autocorrelation with increasing geographic distance (Figure 6c ), yet this trend did not significantly deviate from the null model, mostly because of the large variance in spatial autocorrelation within reefs. Conversely, there was a clear and significant pattern of spatial autocorrelation in isolated reefs of western Australia, showing that individuals within single reefs are more genetically similar than individuals across any other distance class (Figure 6d ).
DISCUSSION
We used thousands of genome-wide SNPs and mtDNA data to investigate both neutral and putatively adaptive genetic variation in a key coral reef predator, the grey reef shark, across a substantial portion of its geographic range. By using both neutral and outlier loci, and sampling at multiple spatial scales across different seascapes, we unveiled complex cryptic patterns of genetic structure. Our findings show that genetic connectivity is maintained along continental shelves by male dispersal, whereas strong genetic structure revealed by mitochondrial markers suggests females are more philopatric. Reef systems separated by large expanses of oceanic water showed high genetic differentiation, and thus appear to receive few transoceanic immigrants. Several SNPs were consistently identified with different analytical approaches as divergent outliers and are therefore suggestive of spatially diversifying selection.
Our results show that large expanses of oceanic water represent strong barriers to both male and female reef shark dispersal. Conversely, along the continental shelves of Australia and Indonesia, Genetic structure and signatures of selection in reef sharks P Momigliano et al genetic differentiation at nuclear SNPs was weak but nevertheless statistically significant. Both the fastSTRUCTURE analyses and the DAPC analyses suggest the presence of continental shelf genetic structure, though it should be noted that the logistic prior in fastSTRUCTURE can tend to overestimate the true value for K, and that increasing K after 2 only resulted in a statistically insignificant decrease in prediction error, suggesting that K = 3 may represent an over-parameterization of the model (Raj et al., 2014) . Furthermore, the STRUCTURE algorithm assumes individuals are sampled from a set of discrete populations, an assumption that is clearly not met under an IBD scenario. Under these conditions, discrete sampling over a continuous distribution could result in artificial clusters, further complicating the interpretation of the results as evidence of a barrier to gene flow between eastern and western Australia. Grey reef sharks have a continuous distribution along the northern Australian and Indonesian coasts (Last and Stevens, 2009) and there is no contemporary physical barrier to dispersal along the continental shelves of Australia and Indonesia. The Torres Strait was exposed during the last glacial maximum, but it was submerged again 8000 years ago, and given the dispersal potential of grey reef sharks (Heupel et al., 2010; Momigliano et al., 2015a) and their generation time (Robbins, 2006) , it seems likely that grey reef sharks in the region may have reached, or are approaching, drift equilibrium following the Torres Strait's disappearance. Indeed, our data revealed a very clear IBD pattern that explained 490% of the variation in pairwise F ST , suggesting that geographical distance is the main driver of neutral genetic differentiation along the continental shelves of Australia and Indonesia. The lack of a clear biogeographic barrier between eastern and western Australia, and between Australia and Indonesia, may seem surprising in light of the fact that a closely related species, the blacktip reef shark (C. melanopterus), shows marked genetic structure in the same region (Vignaud et al., 2014) . C. melanopterus, however, is smaller than C. amblyrhynchos and larger sharks can traverse greater distances for comparable energetic expenditure (Parsons, 1990) . Furthermore, C. melanopterus exhibits strong reproductive philopatry (Mourier and Planes, 2013) , a behavior that may weaken genetic connectivity (Dudgeon et al., 2012) . The patterns of nuclear genetic structure across Australia and Indonesia for grey reef sharks are more similar to larger species with higher dispersal potential, such as scalloped hammerheads (Sphyrna lewini), dusky sharks (C. obscurus) Figure 5 Results from the fastSTRUCTURE and DAPC analyses. (a, b) Results from fastSTRUCTURE using logistic prior, K = 2 and K = 3, respectively. (c, d) Results from DAPC analysis performed on SNP data from all locations (c) and only from locations in Australia and Indonesia (d). The x and y axes represent the first and second discriminant functions, respectively and ellipses represent 95% confidence inertia ellipses.
and blue sharks (Prionace glauca) (Ovenden et al., 2009) . Comparative large-scale patterns have also been reported in the other common reef shark species, the whitetip reef shark Triaenodon obesus, although a more passive dispersal mechanism has been suggested for this finding (Whitney et al., 2012) . Although genetic differentiation seems to be weak or absent for many shark species across the Torres Strait, many teleosts show striking patterns of genetic differentiation in the same region (Elliott, 1996; van Herwerden et al., 2006; Horne et al., 2011 Horne et al., , 2012 . Most bony fish, however, have a bipartite life cycle: adults are sedentary and dispersal is achieved by means of pelagic propagules. On both sides of Australia the prevailing currents transport larvae southwards, hindering dispersal across the northern coast. Sharks, on the other end, disperse by active swimming, and hence their dispersal is less affected by prevailing oceanographic features (Momigliano et al., 2015b) .
In contrast to the weak genetic differentiation we report for nuclear loci, genetic differentiation at mtDNA markers was strong (Φ ST at mtDNA up to 77 times higher than nuclear F ST ), even within locations not separated by large oceanic expanses. Divergence followed the same pattern of IBD revealed by nuclear SNPs, but the slope of the relationship between genetic and geographic distance was nearly two orders of magnitude higher for mtDNA (Figures 6a and b) . Despite the strong genetic differentiation, the three most common haplotypes were represented in eastern Australia, western Australia and Indonesia, although at different frequencies. Samples collected from Misool shared both haplotypes common in eastern and western Australia, with intermediate frequencies, as would be expected in the case of isolation by distance in the absence of biogeographic barriers.
The limited genetic structuring at neutral loci is consistent with behavioral data. Grey reef sharks, particularly adult males, have the potential to undertake movements of 4100 km across oceanic waters (Heupel et al., 2010 ), yet they are found nearly exclusively in coral reef habitats (Espinoza et al., 2014) . Therefore, along the continental shelf the most likely mode of dispersal resulting in a pattern of IBD is one where coral reef habitats represent 'stepping stones', allowing for the maintenance of genetic connectivity (at least for the nuclear genome). This interpretation is strengthened by the fact that genetic differentiation across regions separated by large oceanic expanses is high for both the nuclear and mtDNA data sets, suggesting that deep oceanic waters represent a strong barrier to both male and female dispersal.
In contrast to the low genetic differentiation at neutral markers among locations within the Australian and Indonesian continental shelves, genetic differentiation at loci putatively under selection was more than an order of magnitude higher, and showed a clear biogeographic pattern. Divergence at neutral SNPs and SNPs putatively under diversifying selection were not correlated when all pairs of locations were considered. However, when locations from eastern Australia were excluded from analysis, divergence at outlier loci closely mirrored divergence at neutral loci. This pattern suggests that among most locations (that is, pairwise comparisons between all locations with the exception of eastern Australia) divergence at neutral and outlier loci is in both cases likely the product of genetic drift. Divergence at neutral and outlier loci is however not correlated if we include locations from eastern Australia in the analyses, suggesting that here divergence at neutral and outlier loci is the product of fundamentally different processes.
Theoretically, local selection is not the only process that can produce outlier loci. For example, the frequency of mutations arising at the front of a range expansion may change dramatically (Excoffier and Ray, 2008) ; however, neutrality tests did not show evidence of Figure 6 Patterns of isolation by distance (a, b) using F ST (a) estimated from SNP data from the 'core' of the F ST distribution and Φ ST (b, mtDNA data). R 2 and slope of the fitted linear model were estimated by major axes regression, whereas the significance of the correlation between genetic and geographic distance (P) was estimated via Mantel test using 30 000 randomizations. Open circles represent statistically nonsignificant pairwise distances and filled circles represent significant pairwise comparisons. (c, d) Estimates of spatial autocorrelation (r) across different distance classes (within the same reef and within 500, 1000 and 1500 km, respectively) using samples from eastern Australia (c) and western Australia (d). Error bars represent 95% confidence intervals estimated from 999 bootstraps, and the dotted lines represent the 95% confidence intervals of the null model of no spatial autocorrelation.
Genetic structure and signatures of selection in reef sharks P Momigliano et al recent demographic expansions in grey reef sharks, and hence gene surfing during spatial population expansions is unlikely to be responsible for the observed patterns. Evolutionary nonindependence and unequal levels of genetic differentiation among sampled populations can also result in large numbers of false positives, a problem that has been widely recognized in recent years (Bonhomme et al., 2010; Narum and Hess, 2011; Lotterhos and Whitlock, 2014) . The original Lewontin-Krakauer test was particularly sensitive to both these issues. The analytical approaches employed in this study, however, are exceptionally robust under scenarios of unequal genetic differentiation and autocorrelated spatial structure. The methods employed by both Foll and Gaggiotti (2008) and Excoffier et al. (2009) account for unequal levels of genetic differentiation among populations, yet can still yield a large number of false positives when genetic structure is spatially autocorrelated. However, the method employed by FLK directly accounts for evolutionary branching and heterogeneous drift (Bonhomme et al., 2010) , and both FLK (Lotterhos and Whitlock, 2014) and OutFLANK (Whitlock and Lotterhos, 2015) have extremely low false positive rates under most evolutionary scenarios. By applying all of these tests in conjunction, and compiling a consensus set of outlier loci, we minimized the chances of false positives.
The Torres Strait was completely exposed during the last glacial maximum and was not submerged again until 2000 years after the end of the last glaciation, ∼ 8000 years ago. Barriers to dispersal are expected to promote local adaptation (Marshall et al., 2010) and it is therefore possible that local selective pressures and historical reproductive isolation have acted in concert to produce the pattern shown here. However, the outliers we identified are not necessarily all under local selection. Although past isolation may have favored local adaptation, it may also have resulted in genetic incompatibilities (that is, ecologically independent, endogenous selection). Bierne et al. (2011) discovered that although the location of such endogenous barriers to gene flow is expected to shift over time, they often become trapped by exogenous barriers because of local selection (the 'coupling hypothesis'). Hence, determining with certainty whether a specific outlier locus is under endogenous or exogenous selection is not possible using outlier tests or genotype-by-environment association tests alone, because both processes can become coupled across the same environmental gradients.
Our finding that genetic differentiation described using mtDNA sequences was substantially larger than for neutral nuclear SNPs, and more pronounced in females than males, especially when comparing locations separated by large distances along the continental shelf (in these comparisons Φ ST was on average nearly 40 times higher than F ST ), is indicative of sex-biased dispersal. These results should be interpreted with some caution, as we only had enough samples in three populations to analyze males and females separately. Nevertheless, this pattern of sex-biased dispersal and local adaptation is consistent with the hypothesis advanced by Portnoy et al. (2015) that dispersing males and philopatric females may favor local adaptation by simultaneously facilitating the dispersal and local sorting of adaptive alleles. As male-biased dispersal is a common strategy in both elasmobranchs (Pardini et al., 2001; Daly-Engel et al., 2012) and marine mammals (Escorza-Treviño and Dizon, 2000; Möller and Beheregaray, 2004; Ahonen et al., 2016) , future comparative studies testing this hypothesis could shed new light on the evolution of local adaptation in marine predators.
In the absence of a reference genome, it was not possible to identify which regions of the genome are under selection (BLAST searches did not yield any unambiguous match). Furthermore, as the signature of selection follows a clear biogeographic pattern, it may not be feasible with the current sampling design to identify the underlying selective pressure by investigating correlations between SNPs and environmental variables. Nonetheless, our data are consistent with the hypothesis that grey reef sharks in eastern Australia, which have undergone dramatic declines , are under different selective pressures than elsewhere throughout the sampled range. Future management strategies for this species in eastern Australia and elsewhere should consider taking into account that grey reef sharks are likely to be locally adapted and that local declining populations are unlikely to be rescued by migrants if they exhibit lower fitness because of phenotype-environment mismatches (Marshall et al. 2010) . Furthermore, although there is no evidence to date that recent fishery-induced declines have affected genetic diversity, it is possible that further, more dramatic declines may lead to a stochastic loss of local adaptations and to the erosion of standing genetic variation that may ultimately influence adaptive potential.
We also note the association between the spatial distribution of coral reefs and patterns of fine-scale genotypic spatial structure. In eastern Australia, reefs within the GBR, and to a lesser extent reefs in the Coral Sea, are relatively close. Within the GBR the average between-reef distance is o2 km, and the oceanic reef in the Coral Sea (the North East Herald Cay) that we sampled is o200 km offshore from the outer shelf of the GBR and potentially connected through multiple intermediate reefs that may act as stepping stones. In contrast, coral reef habitats in western Australia are far more fragmented, often separated by hundreds of km of unsuitable habitat. Our results showed that in eastern Australia there is no strong evidence of genotypic spatial autocorrelation at the reef scale. However, despite the fact that within each spatial class r was within the expectations of the null model (Figure 6c and d) , there was a clear, although very weak, trend of decreasing autocorrelation with increasing distance, compatible with an IBD model of dispersal.
The variance in autocorrelation at the reef scale was very large, suggesting a mix of local individuals and recent migrants within single reefs in eastern Australia. This pattern is consistent with the high potential for short-distance migration in reef sharks, and is also consistent with results obtained by Momigliano et al. (2015a) using microsatellite markers. In western Australia, a clear pattern of genotypic autocorrelation was observed at the reef scale. Genotypic autocorrelation was highest when comparing individuals from the same reef, and dropped abruptly when moving to the next distance class. This pattern is consistent with a higher degree of intergenerational reef fidelity, suggesting that reefs isolated by large distances of unsuitable habitat (even if located within the same continental shelf) may be effectively self-seeding and demographically independent. However, further studies are needed to confirm the effects of habitat on connectivity. Employing a full seascape genomic approach, for example, by developing isolation-by-resistance models (McRae and Beier, 2007) as suggested by Momigliano et al. (2015a, b) , will be necessary but is not possible with the current sampling design.
CONCLUSION
We investigated the large-scale and fine-scale genetic structure of grey reef sharks using a combination of genome-wide nuclear SNPs and a mtDNA marker. We revealed that patterns of gene flow are associated with the geographic separation of reef systems and, with the exception of localities separated by oceanic waters, dispersal appears to be malebiased. Large oceanic distances are strong barriers to both male and female dispersal, suggesting that reefs surrounded by oceanic waters are less likely to be replenished by migrant sharks. These results have implications for the effectiveness of spatially discontinuous Marine Protected Areas in terms of the protection of grey reef sharks, for which replenishment may be dependent upon the level of habitat fragmentation exhibited by different reef systems (Momigliano et al., 2015b) . Our finding of signatures of selection, despite generally negligible levels of genetic differentiation at biparentally inherited and neutral markers, reveals the presence of biologically important cryptic genetic structure. These patterns of male-mediated dispersal and signatures of local selection are consistent with the recently advanced hypothesis that sex-biased dispersal may facilitate local adaptation by allowing, simultaneously, dispersal and the localized sorting of adaptive alleles.
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